University of Montana

ScholarWorks at University of Montana
Graduate Student Theses, Dissertations, &
Professional Papers

Graduate School

2006

Snow accumulation and snowmelt in thinned and unthinned
lodgepole pine stands, west central Montana
Jason Sappington
The University of Montana

Follow this and additional works at: https://scholarworks.umt.edu/etd

Let us know how access to this document benefits you.
Recommended Citation
Sappington, Jason, "Snow accumulation and snowmelt in thinned and unthinned lodgepole pine stands,
west central Montana" (2006). Graduate Student Theses, Dissertations, & Professional Papers. 3589.
https://scholarworks.umt.edu/etd/3589

This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an
authorized administrator of ScholarWorks at University of Montana. For more information, please contact
scholarworks@mso.umt.edu.

Maureen and Mike
MANSFIELD LIBRARY

The University of

Montana
Permission is granted by the author to reproduce this material in its entirety,
provided that this material is used for scholarly purposes and is properly cited
in published works and reports.

**Please check "Yes" or "No" and provide signatureHe He

Yes, I grant permission
No, I do not grant permission

Author's Signature:
Date:

i,

S~/C^à/

Any copying for commercial purposes or financial gain may be undertaken
only with the author's explicit consent.

8/98

SNOW ACCUMULATION AND SNOWMELT IN THINNED AND
UNTHINNED LODGEPOLE PINE STANDS, WEST CENTRAL
MONTANA

By
Jason Sappington
B.S. University of Montana, 2003
presented in partial fulfillment of the requirements
for the degree of
Master of Science
The University of Montana
May 2006

Approved by:

IT

Dean, Graduate School

Date

UMI Number: EP35931

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMI
D w M iM iem FMniwNng

UMI EP35931
Published by ProQuest LLC (2012). Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code

uesf
ProQuest LLC.
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 4 8 1 0 6 -1 3 4 6

Sappington, Jason M.S. May 2006

Resource Conservation

Snow Accumulation and Snowmelt in Thinned and Unthinned Lodgepole Pine
Stands, W est Central M ontana
Chairperson: Scott W oods
Alternative thinning treatments can be used to restore the health o f forested
watersheds and reduce the risks associated with wildfires, but the hydrologie effects
o f these treatm ents are largely unknown. In this research I investigated the effects o f
two silvicultural prescriptions in lodgepole pine stands, one leaving residual trees
evenly distributed, (SE) and the other leaving residual trees in 0.2-0.8 ha retention
groups, (SG), on snow accumulation and snowmelt in lodgepole stands in
Tenderfoot Creek Experim ental Forest (TCEF), west central M ontana east o f the
continental divide. I also tested the ability o f several snowmelt models to predict
melt in the treated stands. Snow accumulation was measured in 2004 and 2005 at 286
points throughout the two treatm ents and a 13 ha control unit. Snowmelt was
measured in twelve lysimeters that were installed in the two treatments and the
control in 2004. In 2004, reduced interception resulted in a 20% increase in snow
accumulation in the SE treatm ent relative to the control. In 2005, total snowfall was
lower and snow accumulation in the SE treatm ent was just 9% greater than the
control. Increased sublimation on the southern edges o f the groups along with wind
scour in the openings in the SG treatm ent offset gains from reduced canopy
interception. Consequently, the SG units accumulated less snow than the SE units,
and there was no increase in snow accumulation relative to the control unit. There
was no difference in the timing o f the beginning and end o f snowmelt among the
treatments, and the average daily melt rates in the treatment and the control were
similar. However, the SG treatm ent had a maximum daily melt rate o f 4.4 cm
day~^ for sites located in the open com pared to 2.6 cm day for sites in the control.
A hybrid temperature index m odel with radiation inputs adjusted for canopy cover
was the best way to m odel snowm elt under varying forest canopy coverage. The
contrasting responses in the SE and SG treatments illustrate that alternative
harvesting can have substantially different effects on snow accumulation and
snowmelt. M anagement prescriptions for silvicultural treatm ent o f forest stands
should take these differences into account.
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Introduction
R unoff from the winter snowpack in forested upland watersheds is the
primary water source in the western United States, and is critical for the survival of
many organisms in the region due to a lack o f summer precipitation. Streamflow
varies depending on the am ount o f snow accumulation and the rate and timing o f
snowmelt, bo th o f which can be altered by hum an activities such as forest harvest
and fuel reduction and by natural disturbance due to tire, insect infestation and
disease. Understanding and predicting the effects o f forest management and natural
disturbance on snow accumulation and melt is an im portant element o f watershed
managem ent in the western U nited States.

Snow accumulation in forested watersheds
Snow accumulation in forested watersheds is dependent on canopy structure
characteristics, topography, elevation and climate (Pomeroj et al., 2002). The forest
canopy intercepts a portion o f the snowfall, subjecting it to redistribution and
sublimation. In general, snow accumulation rates are inversely proportional to
canopy density and the difference in snow accumulation between open areas and
areas under the forest canopy increases with increasing snowfall in the open (Harestad
and Bunnell, 1981 ;ljindber^ and Koipusa/o, 2003). Losses due to wind scour and
evaporation are generally lower under the canopy, and this may offset the reduced
net snowfall caused by interception.
Topography is an im portant control on snow accumulation because south
and west facing slopes absorb greater inputs o f solar radiation and tend to be drier
than north and east facing slopes. South facing slopes may also have sparser canopies

allowing m ore wind and solar inputs to affect the snow pack. Elevation lapse rates
control w hat form precipitation is in when it falls to the earth's surface; higher
elevations generally receive m ore o f the precipitation as snow.
Tree removal during forest harvest or fuel reduction efforts may increase or
decrease snow accumulation depending on the relative magnitude o f gains due to
reduced canopy interception and losses due to increased wind scour and evaporation
(Golding and Swanson, 1986; Stegman, 1996). In the cold, windy environm ent o f the
central and northern Rocky M ountain Region, small clearcut openings have been
shown to accumulate m ore snow than under (Troendle and King, 1985; Koipusalo and
Kokkonen, 2002) because o f reduced interception and redistribution o f snow from the
adjacent forest (Hover and Leaf, 1967). Redistribution is a direct result o f changes in
the aerodynamics o f a forest stand after harvesting. Openings in the forest create
wind eddies that scour snow from the lee side o f the adjacent forest and redistribute
it in the opening (Gaiy, 1980). In larger openings, the reduction o f interception may
be offset by increased wind scour and evaporation, leading to an overall reduction in
snow accumulation.

Snowmelt in forested watersheds
Snowmelt rates are a function o f the depth o f snow accumulation, the solar
and therm al radiation flux, and the wind speed. Snow accumulation varies depending
on the factors previously described and, in general, snow will take longer to melt in
areas with deeper snow (Anderton et al., 2004). The presence o f snowdrifts can
prolong the snowmelt period by several weeks compared to a more uniform
snowpack distribution (Tarboton et ai, 2000).

N et radiation - the sum o f net solar and net thermal radiation - provides the
energy necessary for snowmelt. Solar radiation or shortwave radiation is the energy
from the sun, and is made up o f a range o f wavelengths that include visible light as
well as ultraviolet and near infared. Therm al or longwave radiation is the energy re
emitted from vegetation, clouds and topography and consists o f wavelengths from
3.0 pm to 50 pm. The im portance o f each o f the radiation com ponents for snowmelt
varies depending on the time o f year and the physical properties o f the site. W hen
shortwave radiation enters the atmosphere it is absorbed, scattered, and reflected by
terrestrial objects. W hen it hits a snowpack, shortwave radiation can be absorbed and
transform ed into sensible heat to be used for melt purposes. A portion o f shortwave
radiation is reflected, and the ratio o f reflected to incoming shortwave radiation is
the albedo. The albedo decreases as the season progresses as the snow surface
becomes covered in debris such as pine needles and dirt. The decreased albedo
allows m ore absorption o f shortwave radiation thus increasing the importance of
shortwave radiation for snowmelt.
Longwave radiation re-em itted from the forest canopy, branches and stems is
a major source o f energy for snowmelt under a forest canopy. Additional energy for
snowmelt under the canopy comes from direct solar radiation passing through gaps
in the canopy. In the winter m onths, low sun angles and short days reduce the
am ount o f direct solar radiation reaching the forest and snowpack. During this time
the thermal radiation from the atmosphere and surrounding terrestrial objects is the
primary source o f energy available for melt.
W ind blowing across the snow surface can transfer energy to the surface by
turbulent transfer o f latent and sensible heat, providing additional energy for melt.

Turbulence will also lift individual grains o f snow and physically transport them
across a landscape. Vegetation, debris, and topography will disrupt the transporting
o f the snow, by wind, causing the snow to accumulate as snowdrifts.
The physical factors controlling snowmelt are complex, spatially variable and
interact with each other in a multitude o f ways. The result is that snowmelt is also
spatially variable at scales ranging from just a few meters to tens o f kilometers.
U nderstanding and modeling this variability represents a challenge for snow
hydrologists. The challenge is particularly great when dealing with forest stands that
have been manipulated by thinning or harvest. Forest harvest and thinning
operations contribute to the complexity o f melt by affecting the distribution o f snow
and the energy inputs to the snowpack. W hen trees are removed, the snowpack is
exposed to increased solar inputs, turbulent heat transfer, and redistribution, while
therm al radiation inputs from the trees are reduced.
Snowmelt modeling provides a means o f predicting the rate and magnitude
o f snowm elt based on meteorological measurements such as solar radiation flux, air
tem perature and wind speed. There are three main approaches to snowmelt
modeling: the temperature index m ethod, m ethods based on the energy budget o f
the snowpack, and hybrid m ethods that are based on a combination o f temperature
index and energy budget approaches. While snowmelt models have been widely
applied in open areas, calibration for the effects o f a forest canopy remains
problematic.

Current concerns in forest management
N atural disturbances such as wildfires, beetle infestations, and disease have
similar effect on snow accumulation and melt to forest management in that they can
periodically reduce canopy density and create openings. These disturbance events
may add tem poral variability to the rate and timing o f runoff from forested
watersheds. Decades o f fire suppression along with climatic variability has resulted in
western forests growing into m ore uniform and dense stands, thus reducing the
am ount and variability in snowmelt runoff. In addition, these dense stands are
susceptible to catastrophic wildland fires, which can lead to severe erosion and risks
to hum an Hfe and property.
In recent years there has been a move towards proactive restoration o f
forests affected by fire suppression through a combination o f thinning and
prescribed fire. Thinning treatments have the advantage o f providing an immediate
reduction in canopy density and fuel loads w ithout the risks associated with using
prescribed fire as a management tool. Thinning can also provide an economic benefit
if the cut timber is commercially viable, and is generally more acceptable than
clearcutting as a m anagement tool. Inform ation on the hydrologie effects o f thinning
prescriptions is needed if forests are to be managed in a holistic and ecologically
sustainable manner. However, relatively few studies have focused on the hydrologie
effects o f thinning treatments as com pared to the wider literature on the effects o f
clearcutting.
Serai, fire-dependent lodgepole pine (Pinus contorta) communities comprise a
significant com ponent o f m id-to upper-elevation forests in the central and northern
Rocky M ountains, and provide w ood products, wildlife habitat, livestock forage.

water, recreational opportunities and aesthetic benefits {Koch, 1996), Fire suppression
and climatic variability may have radically altered the structure o f these forests. The
U nited States D epartm ent o f Agriculture, Forest Service, Rocky Mountain Research
Station is investigating the use o f alternative silvicultural prescriptions to restore the
ecological structure and function o f lodgepole pine forests in the northern Rockies,
while also maintaining water yields and reducing fuel loads. As a part o f these
investigations, two silvicultural prescriptions, one leaving residual trees evenly
distributed and the other leaving residual trees in groups were applied to lodgepole
pine stands on the Tenderfoot Creek Experimental Forest in west-central Montana
in 1999 and 2000. The objectives o f the study described here were to: 1) determine
the effect o f the treatments on the magnitude and spatial variability o f winter snow
accumulation, 2) determine the effect o f the treatments on the timing, rate and
spatial variability o f snowmelt, and 3) develop a simplified melt model to predict
snowmelt in treated stands using readily available site metrics.

Study Area
The 3600 ha Tenderfoot Creek Experimental Forest (TCEF) Hes in the
headwaters o f T enderfoot Creek in the Little Belt Mountains o f west-central
M ontana (Figure 1). TC E F was established in 1961 for watershed research but its
scope was expanded in 1980 to include all aspects o f landscape level forest
management. Elevations in the experimental forest range from 1838 m to 2421 m. A
broad basin like topography in the upper elevations gives way to talus slopes and
steep-sided canyons in the lower elevations. Lodgepole pine is the dominant tree
species in the four subalpine fit habitat types that occur within the forest. O ther
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Figure 1 Location map o f study site. Inset map on lower left shows location o f the
Tenderfoot Creek watershed in west-central M ontana. Inset map on lower right
shows the location o f T enderfoot Creek Experimental Forest (TCEF). Main map
shows the Sun Creek watershed in TCEF, with the experimental thinning treatments.

species included subalpine fir (Abies lasiocarpa), Englemann spruce (Picea englemannii),
whitebark pine (Pinus albicaulis), and quaking aspen (Popu/us tremuloides). The elevation
weighted m ean annual precipitation at TC EF is 88.4 cm (Fames er al, 1995). Between
O ctober and April m ost o f the precipitation falls as snow, forming a winter
snowpack that melts between early May and late June. The mean monthly
temperature at the O nion Park Snotel site within TC EF ranges from -8.4°C in
D ecem ber to 12.8°C in July.

Methods
Thinning Treatments
In 1999 and 2000, two experimental thinning treatments were applied in the
346 ha Sun Creek subwatershed o f Tenderfoot Creek (Figure 1). Each o f the forest
thinning treatments reduced the average basal area from 200 '^ acre to 60

acre, but

the configuration o f the tree removal varied between the two treatments. In one of
the treatments (SE), tree removal was conducted evenly across the unit (Figure 2),
while the other treatments (SG) comprised uncut 0.2 to 0.8 ha groups o f trees with
intervening areas where aU o f the trees were removed (Figure 3). In both treatments
the trees were rem oved using ground based felling and yarding systems. Both
treatments were designed to simulate wildfire scenarios; the SG treatm ent simulated
a stand replacing fire that left a mosaic o f patches o f trees with intervening areas
where aU the trees were killed, while the SE treatment rephcated the effects o f a
mixed severity wildfire where many o f the mature trees would survive the fire.

Figure 2. Even thinning treatment in the Sun Creek watershed, April 2003

Figure 3. Group retention thinning treatment in the Sun Creek watershed. April
2003. Foreground is an opening between groups. Open corridors in the distance
are part o f the group retention treatment on the opposite hill slope.

Snow A^ccumulation Measurements
Snowpack measurements were conducted near the peak o f the seasonal snow
accumulation in 2004 and 2005 in bo th o f the treatments and an uncut 13 ha control
stand on the east side o f the Sun Creek watershed. The control stand is at a similar
elevation to the treatm ent plots. The measurements were conducted on a systematic
55 m grid oriented in the cardinal directions. The grid was created using ArcGIS and
then transferred to the field using a Geographic Positioning System (GPS) and a tape
and compass. A 30-meter buffer zone was defined around the edge o f the units to
reduce edge effects. Approximately 286 points were sampled in each o f the two
study years. Survey point locations were marked with a 4 ft tall PVC pipe. In the SG
treatment, locations inside an uncut group o f trees were designated as “group” sites
(SG-I) while those that feU in the opening were designated as “open” sites (SG-O).
A t each survey location, SWE and snow depth was measured at three locations
within two meters o f the pole using a Federal snow sampler and the average of the
three measurements was recorded.
M easurements conducted in 2004 suggested that snow accumulation varied
with position relative to the edge o f the retention groups in the SG treatment.
Therefore in 2005, snow depth was measured along north-south and east-west
transects extending through 19 o f the retention groups in the SG treatment. Each
transect started 30 meters from the edge o f a group and ended 30 meters from the
edge in the opening on the opposite side o f the group. Snow depth measurements
were taken every 5 meters using a Federal Snow Sampler.
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Snowmelt Measurements
Twelve snowmelt lysimeters were installed in TC EF in 2004 and 2005 to
investigate the effects o f the treatments on the rate and timing o f snowmelt. The
lysimeter locations were chosen to capture the various elevations, aspects, and
canopy coverage within the two treatments and the control (Figure 4). Three
lysimeters were placed in the control unit, three in the SB treatment, and six in the
SG treatment. The lysimeters in the control unit were placed at least 50 m from any
natural or m an-m ade openings to reduce edge effects. In the SG treatments the
lysimeters were paired, with one lysimeter inside a retention group and the other
located at the same elevation and aspect in an adjacent opening.
Each lysimeter was a 1 m x 1 m steel pan with a 10 cm high rim welded
around the outside and a drain near the front center. A grid o f expanded steel was
placed m the bottom o f the lysimeter and a screen was placed over the drain hole to
reduce the possibility that needles, branches and other debris would block the drain.
Snowmelt percolating into the pan was routed to a tipping bucket m ounted in a
cooler buried beneath the ground surface in front o f the pan. Each tip o f the tipping
bucket m echanism indicated approximately 0.3 m m o f melt (^^300 cm^ o f melt
water). A Flobo® E vent Logger recorded the date and time o f each tip. D ata from
the event loggers was downloaded twice each year, at the time o f the snow
accumulation survey and after snowmelt was complete. The tipping bucket
mechanisms were calibrated prior to deployment in the field, in O ctober of each year
and after the final snowmelt season in July 2005. Field calibrations were performed
by allowing approximately 40 L o f water, equivalent to 40 m m o f melt, to run into
the lysimeter over a 2-3 hr time period.
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Figure 4. Location o f the twelve lysimeters (shaded circles) in the two treatments
and in the control.
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A.ncillary Yield Data
D ata from the O nion Park SN O TE L site, which is located within TCEF at a
similar elevation to the treatm ent and control units, was used to compare the winter
snowpack characteristics in 2004 and 2005 to the long-term average.
A n autom ated weather station was installed in the SE treatm ent during the
winters o f 2004 and 2005. Upward and downward facing CM3 pyranometers
measured the incoming and reflected solar radiation, and a NR-Lite net radiometer
measured the net radiation. W ind speed, air temperature and relative humidity were
measured using Campbell Scientific electronic sensors. O utput from the sensors was
recorded each hour by a Campbell Scientific CRIO-X data logger equipped with a
solar panel pow er source.
In 2 0 0 5 ,1-Button tem perature sensors were installed at each o f the
lysimeters, one at ground level and one two meters above the ground. These sensors
recorded temperature values every hour throughout the melt period.
Canopy density at each o f the snow survey and lysimeter locations was
determ ined from hemispherical photographs taken with a Fuji Finepix digital camera
equipped with a fisheye lens. All photos were processed using the Gap Light
Analyzer (GLA) software package. Effective Leaf Area Index (ELAI) and the
percent open canopy were obtained from the photographs. Elevation, aspect,
latitude, longitude, and slope were recorded at each site. A geographical positioning
system was used to collect the elevation and spatial coordinates o f each site. A
clinometer and a compass were used to measure slope and aspect, respectively.
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Snowmelt Modeling
Three types o f model were used to predict snowmelt in TCEF; a temperature
index model, a hybrid model, and an energy balance model. A prototype for each
model was first calibrated to daily snowmelt data from the O nion Park SN O TEL
station. The calibrated models were then used to predict the melt at each o f the
lysimeters. M odel fit was evaluated using the N ash - Sutcliffe,

(Nash and

Sutcliffe, 1970):

f-1__________

R \ s = l - ^ ----------------

(1)

i-\

where Q. is the

observed value, Q is the

predicted value,

the observed values and i= 1,2,3 etc. Values for

is the mean o f

between 0 and 1 indicate that

the m odeled values provide a better estimate than a simple average o f the observed
values.

Tem perature index m ethod
The basic form o f the temperature index model {Martinec, 1989; Dams, 1997;
Hock, 2003) is:

= c,(r„-r,)
where M ^ is the depth o f daily melt {cm), and
° C ' ),

(2)
is the coefficient o f melt {cm

is the average daily temperature (° C ), and 7^ is the base temperature,

which is usually taken to be 0° C . Correctly estimating Cy is critical for accurate
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prediction o f the m elt rate using the temperature index method. In this study
separate values for C^ were calculated for April, May and June using historical
snowmelt and tem perature data from the O nion Park SN O TEL site. For each year
in the period o f record aU the positive values for daily average temperature during a
m onth were summed and plotted against the total melt for the month. The total melt
was calculated as the overall decrease in SWE plus the daily rainfall over the period.
The melt coefficient for each m onth was the slope o f the linear regression o f total
m elt versus the summed positive daily temperature values.

Hybrid m ethod
Brubaker et. al. (1996) and Kustas et al. (1994) proposed the following hybrid
m odel for predicting snowmelt:
+
where M is melt (cmd~^)^

(3)

is a restrictive degree-day factor, itIq is a conversion

factor for energy flux density to snowmelt depth {cmd~^ ( W n f ^ y ^ ), and Rn is the net
radiation {Wm~^). By incorporating the net radiation, the hybrid model should
provide a better estimate o f melt than the temperature index method, without the
complexity involved in using the energy balance approach. Daily site-specific values
for Qj, can be calculated using wind speed, humidity, and temperature or the model
can be calibrated using a single value to represent the entire snowmelt period. In this
study both seasonal and daily

values were used and their ability to accurately

predict melt was compared. Climate data for the hybrid equation was obtained from
the w eather station installed in the SE treatments.
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Energy budget m ethod
The general form o f the energy budget equation is:
5 = ( k ^ Z )+ H ± ( L E ) +

G

(4)

where S is the energy available to melt snow, (k'^L) is the net radiation, H is the
turbulent exchange o f energy, (EE) is the exchange o f latent heat, R is the energy
input from rainfall, and G is the energy input from the ground. The melt rate
(A W) is calculated from:

where pw is the density o f water, and À f is the latent heat o f fusion. The energy
budget m odel is the m ost data intensive m ethod for calculating melt, but it is also
usually assumed to be the m ost accurate because it direcdy quantifies the physical,
energy-based processes that result in snowmelt. All the climate data used to calculate
the melt rate was obtained from the weather station located in the treatment units.

Modeling o f canopy effects
To adjust the hybrid and energy budget models for canopy effects, radiation
under the canopy was calculated in accordance with USAGE (1956). Longwave and
shortwave data was collected in the opening for melt years 2004 and 2005. N et
longwave radiation under the canopy (
=

) was calculated from:

- ( o T ^ - 2 .5 )) + (1 - F ) X
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(6)

where F is a measure o f forest canopy, cris the Stefan-Boltzmann constant, and
Lopen is the net longwave radiation in the open. N et shortwave radiation under the
canopy (

) was calculated from:
X e x p '- » " "

(7)

where K^p^^ is the shortwave radiation measured in the opening and F is a measure
o f forest cover. N et radiation under the canopy
^ ^ ca n ~ ^ N C

^N C

was calculated from:

(^)

The calculated values for net radiation under the canopy were used in the hybrid and
energy balance models to calculate snowmelt at the lysimeter situated under the
forest canopy

Results

Smii' accumulation and melt at Onion Park S N O T E L site
The seasonal maximum snow water equivalent (SW E ^^ values at the Onion
Park SN O T E L site were within 4% and 3% o f the 10-year mean in 2004 and 2005,
respectively (Figure 5). The primary difference between the two years was that in the
spring o f 2004 snowmelt began over four weeks earlier than in 2005. However,
several cool periods and spring snow slowed the rate o f snowmelt in 2004, so that
the end o f snowm elt occurred at near the same time in both years. The 2004 snow
survey in Sun Creek was conducted 9 days after the peak snow accumulation at
O nion Park, w hen the SWE was approximately 97% o f the SWE^^. In 2005, the
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Figure 5. Snow water equivalent at the O nion Park SN O TEL site in 2004 and 2005.
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survey was conducted approximately a m onth before to the peak snow accumulation,
w hen the SWE at O nion Park was just 76% o f the SWE^^

Snow accumulation in treatments in 2004 —2005
Differences in snow accumulation between the treatments and the control
followed similar patterns in both 2004 and 2005. However, the mean SWE in the
treatments and control was 35 to 40% higher in 2004 than 2005 (Table 1), primarily
because the 2004 snow survey was conducted nearer the maximum snow
accumulation. In both years, the m ean SWE in the SE treatment was higher than in
either the SG treatm ent or the control (Table 1), presumably due to the decrease in
interception associated with thinning. The largest difference was in 2004, when the
SE treatm ent had 20% more SWE than the control.
In contrast with the SE treatm ent, the mean SWE in the SG treatment was
within 3 and 1% o f the control in 2004 and 2005, respectively (Table 1). There was a
strong contrast between the SWE inside the retention groups (SG-I) and in the
openings (SG-O). The average SWE for the SG O sites was 25% higher than for the
SG-I sites in 2004 and 35% higher in 2005. Although, the canopy density was similar
for sites in the retention groups and in the control, the mean SWE inside the groups
was less than the mean SWE for the control in both years. In addition, the mean
SWE for sites in the open in the SG treatm ent was up to 7.2 cm less than in the SE
treatment, despite the absence o f a canopy in the former. The snow depth
measurements conducted in 2005 along transects extending through 19 o f the
retention groups confirm ed the results o f the SWE measurements; the mean snow

19

Table 1. Mean, standard deviation, coefficient o f variability (CV), maximum and
rninimum snow water equivalent in the two treatments and the control in 2004 and
2005.
200J

2004
Treatment

SE

SG

Control

SE

SG

Control

Mean

33.5

27.2

28.0

20.1

17.8

18.0

STDEV

3.9

6.3

4.7

3.1

5.4

3.0

11.5

2^1

16.9

15.2

303

16.7

Min

15.2

5.0

18.6

11.0

5.9

11.0

Max

43.2

41.5

47.4

27.9

30.5

237

N

102

144

40

101

143

45

20

depth in the openings was 109cm com pared to just 73 cm in the interior o f the
groups.
Variability o f SWE, as indicated by the coefficient of variation (CV) o f the
snowpack measurements, was slightly lower in the SE treatment than in the control
in both years (Table 1), while the CV in the SG treatment was considerably higher
than in the SE treatm ent or the control (Table 1). Much o f the increased variability in
the SG treatm ent was due to a strong contrast in snow accumulation between the
SG-I and SG -O sites. However, the transect based measurements indicated that
snow depths also varied with position within the retention groups, and this added to
the overall variability o f the SWE. Snow depth consistendy decreased along the
north —south transects, so that snow depth on the south-facing side o f the groups
was half that on the north—facing side. Similarly, sites in the open within 30m o f the
north facing edge had a mean snow depth o f 116cm compared to 108cm for sites in
the open within 30m o f the south-facing edge (Figure 6). N o such patterns were
observed for snow depth along the west-east transects, suggesting that the
differences were due to the greater exposure o f south-facing edges to solar radiation.

Snowmelt in treatments
In 2004, seven o f the twelve lysimeters functioned properly, two in the
control, one in the thinned unit, and four in the group unit. Two o f the functional
lysimeters in the group unit were inside the groups and two were in opening between
groups. In 2005, seven o f the twelve lysimeters collected data: two in the thinned
treatm ent and five in the group treatment. However, aU o f the lysimeters were
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seriously affected by clogging and freezing in 2005, so that only the 2004 data were
used for assessing the effectiveness o f the various melt models.
Snowmelt at m ost o f the lysimeter sites started on April 9^^ and ended on
June 10^ 2004 (Table 2). Both the beginning and end o f snowmelt at all o f the
lysimeter sites was later than at the nearby O nion Park SN O TEL site, where
snowmelt started on March 19* and ended on June 4*. Surprisingly, there was no
difference in the timing o f melt between sites in the open and in the retention groups
in the SG treatm ent or in the control. The lysimeter at site 152 stopped recording
melt on May 8* b ut this was likely because o f an equipment failure rather than the
actual end o f m elt as the other lysimeter in the control continued recording melt for
almost another m onth.
The overall pattern o f melt in the lysimeters was consistent with the
observed tem perature fluctuations during the melt period (Figure 7). For example
from April 30* to May 8* the average daily temperatures was 8°C and melt was more
rapid. O n May 10* the temperature dipped to near 0°C and the melt rate declined
substantially. The average daily melt rates in the group treatment (0.76 cm day~^) and
the control (0.78 cm day

) were very similar. However the maximum daily melt rate

at lysimeter 80 in the group retention treatm ent (4.4 cm day~^) was almost double
that recorded in the control (2.6 cm day

). The total melt recorded in the SG-I sites

was within 3% o f that measured in the control. However the total melt at the SG-O
sites was 16 to 37% higher than at either the SG-I or the control, reflecting the
higher peak snow accumulation (Figure 7).
Melt rates at sites within the control were within 14% o f each other
throughout the m elt period. In contrast, one o f the lysimeter pairs in the SG
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Table 2. Timing o f beginning and end o f snowmelt at O nion Park (OP) and the
snowmelt lysimeters in 2004. SG-I and SG-O indicate sites inside and outside o f the
retention groups in the SG treatm ent, respectively. SE indicates the even thinning
treatment.
S ite#

Start ofMelt

^nd ofMelt

A.spect

Elevation (m)

%Open

OP

19-Mar

04-]un

100

n ju n

037

SWR

location
Open

:%4

SG4

148

09-Apr

7-Jun

SW

2256

1.00

23.3

SG-O

65

09-Apr

11-Jim

NW

2243

0.32

35.6

SG-I

80

09-Apr

11-Jun

W

2243

0.99

33.8

SG-O

108

05-May

11-Jim

W

2208

0.96

35.6

SG-O

152

09-Apr

08-May

Flat

2274

0.36

26.7

Control

52

24-Apr

11-Jun

NW

2246

0.26

30.5

Control

239

07-May

11-Jun

NW

2196

0.93

34.8

SE

24

35

30

Daily average temperature
25

-

20

-

I "
I
I

10 -

-1 0

Daily a v e r a g e te m p e r a tu re

F ig u re 7. Cumulative melt rates in snowmelt lysimeters 2004 a) in the group
retention unit and b) control sites 80,148 and 108 are open sites, while sites 65 and
132 are group sites. Site 108 experienced technical problems during the melt season.
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treatm ent indicated a consistently higher daily melt rate for the site in the opening
(lysimeter 80) than for the site in the interior o f a retention group (lysimeter 65)
(Figure 8). For example on May 4^ lysimeter 80 recorded 4.4 cm o f melt while
lysimeter 65 recorded just 2.3 cm. This contrast in melt rates was not observed in the
other set o f paired lysimeters, 148 and 132 (Figure 8). This is likely due to the fact
that the ""interior” lysimeter in this pair, lysimeter 132 lies within 5 m o f the south
edge o f the group where it presumably receives m ore solar radiation.
There was n o t enough data from the SE treatm ent to allow a comparison to
be made with the SG treatm ent or the control. From the limited data that was
collected from lysimeter 239 in the thinned unit, melt the peak rate was higher than
in the control and m ore comparable to the group unit lysimeters.

Snowmelt modeling at Onion Park
Tem perature index m odel
The melt coefficients calculated from the historical data from Onion Park
were 0.165, 0.179, and 0.285 cm day~^

for April, May and June, respectively.

Rather than using different melt coefficients for each month, the coefficient
corresponding to the m onth in which the majority o f melt occurred was used. In
2004, m ost o f the m elt occurred between late April and late May, so the May
coefficient o f melt was used in the temperature index model. In 2005, m ost o f the
melt occurred between late May and early June, so the June coefficient o f melt was
used to predict m elt rates.
In 2004, the temperature index (IT) m odel provided a reasonably good fit to
the observed melt at the O nion Park SN O TE L site. Although, the model
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F ig u re 8. A com parison o f daily melt for paired lysimeters 2004. Lysimeter 80 and
148 are open sites while 65 and 132 are located inside the retention groups.
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consistently over estimated the daily melt rate towards the end o f the melt period,
the N ash Sutcliffe

was still fairly high at 0.67 (Table 3 and Figure 9). The model

did n ot perform as well in 2005 when it consistently over estimated daily melt
throughout the m elt period and the N ash Sutcliffe

was just 0.43 (Figure 9). The

m odel perform ed better w hen predicting the cumulative melt during the melt period
than it did for individual daily values. The cumulative melt totals predicted by the 77
were within 17 and 6% o f the melt recorded during the snowmelt period at the
O nion Park SN O T E L site in 2004 and 2005 respectively (Figure 10).

H ybrid tem perature index m ethod
The hybrid temperature index model was used with both seasonal and daily
values for the coefficient o f melt. The published values for the coefficient o f melt
ranged from 0.20 to 0.25 cm

day~^ (Martinec, 1989), however Brubaker et. al.

(1996), found that values could be lower if wind and humidity are low. Both hybrid
models were poor predictors o f daily melt, and perform ed more poorly than the
simple tem perature index m odel (Figure 11). In 2004 the hybrid temperature index
m odel ( HTIM^^ ) obtained from using the coefficient o f melt from within the range
o f calculated values had a

value o f 0.10. W hen the daily calculated coefficient o f

melt values (HTIM^^ ) were used the N ash Sutcliffe
The results were similar for the 2005 data; the

increased to 0.25 (Table 3).
values for the HTIM^^ and

HTIM^^ models were just 0.23 and 0.29, respectively (Table 3).
In 2004, the hybrid model perform ed better when used to predict the
cumulative melt. Although, the models over estimated the cumulative melt after the
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second week in May, the H T IM ^ and HTIM^^ models over estimated the observed
cumulative melt by 22% and 18% respectively at the end o f the 2004 melt season. In
2005, the models substantially over predicted melt after mid-may so that by the end
o f the m elt period the HTIM^^ over predicted cumulative melt by 27% and the
HTIM^^ over predicted melt by 29% (Figure 12).

Energy Balance M odel
The energy balance (EB) modeling results were similar to those obtained
using the hybrid m odel with a daily coefficient o f melt (Figure 13). In 2004 the EB
model fit resulted in a

o f 0.10 for daily melt values, and in 2005 the

was

0.25 (Table 3). Similarly to the hybrid model, the EB model over predicted melt by
19% by the end o f melt in 2004 (Figure 14). In 2005 the EB model over predicted
melt by 29% (Figure 14).

Modeling snowmelt in the treatments
Modeling o f snowmelt at the lysimeters was conducted using the hybrid
m odel with a seasonal value for the coefficient o f melt. W hen the model was used to
predict snowm elt in the two lysimeters in the open (148 and 80), the results were
similar to those obtained at the O nion Park SN O TE L site. A coefficient o f melt of
0.15 provided the best fit to the observed values, and resulted in

values o f 0.29

and 0.43 for lysimeters 148 and 80, respectively (Table 4). The best fit between the
observed and predicted values was obtained in the early part o f the melt season
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Table 3. N ash Sutcliffe coefficient o f efficiency (R^s)

temperature index (Tl),
hybrid and energy balance (EB) snowmelt models when used to predict snowmelt at
O nion Park S N O T E L station in 2004 and 2005.
Model

200^

200J

Tl

0.67

0.43

Hybrid Calculated

0.25

023

Hybrid Published

0.10

029

EB

0.10

0.25

Table 4. N ash Sutcliffe coefficient o f efficiency

for hybrid and canopy adjusted
hybrid snowmelt models w hen used to predict melt at six lysimeter sites in 2004c
Lysimeters 148 and 80 are in open areas, so the hybrid model and the hybrid canopy
m odel used the same param eter sets.

Hybrid

Hybrid Canopy

52

-1.91

0.34

029

0.71

65

-2.61

0.40

-1.46

0.22

0.29

NA

0.43

NA

80
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(Figure 15). By the end o f the m elt season cumulative melt was over predicted by 21
and 31% at lysimeters 148 and 80 respectively (Figure 16).
The unadjusted hybrid m odel over predicted daily melt at sites under the
canopy at all locations regardless o f canopy coverage (Figure 17). Canopy
m easurements indicated that sites 65 and 132 in the retention groups had canopy
coverage values o f 0.68 and 0.63 respectively. The canopy cover values at sites 52
and 152 in the control were 0.74 and 0.64 respectively. Adjusting the hybrid model
for the presence o f forest canopy substantially improved the model fit in all but one
o f these lysimeters by reducing the net radiation available for melt, so reducing the
overall melt rate. The exception was lysimeter 132, where the best model fit was
obtained by assuming zero canopy cover (Figure 17). Lysimeter 132 is located 15 m
from the edge o f the group with a southwest facing aspect. It is likely that this
lysimeter receives larger inputs o f energy than would occur if the canopy was
continuous throughout the stand.
The adjusted hybrid m odel was a good predictor o f cumulative melt at all of
the lysimeter sites beneath the canopy except 132. The total cumulative melt
recorded at lysimeter 65 was over predicted by 61% with the unadjusted model but
by only 7% over prediction with the adjusted model. The unadjusted model under
predicted cumulative melt by 2% at lysimeter 52 while the adjusted model provided a
near-perfect fit to the observed data. Cumulative melt was over predicted by 42% at
lysimeter 152 with the unadjusted model and by 24% with the adjusted model. A t
site 132, the adjusted hybrid m odel over predicted the cumulative melt by 50%,
whereas the unadjusted model under predicted by 22% (Figure 18).
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Discussion
Snow accumulation
Previous research has shown that the effects o f clearcutting on snow
accumulation depends on the spatial arrangem ent o f the harvesting and particularly
the size o f the individual clearcuts (Golding and Swanson, 1978; Troendle and Leaf,
1980; Troendle and King, 1985). The results o f this study illustrate that the effects of
alternative silvicultural treatments also depend on the spatial arrangement o f the
residual trees. B oth thinning treatm ents in this study removed approximately 50% o f
the stand basal area. The difference between the treatments was the spatial
arrangem ent o f the residual trees. In the even thinning treatment the residual trees
were uniformly spaced across the treatment, while in the group retention unit they
were left in 0.2 to 0.8 ha groups. As a result o f the treatments the evenly thinned unit
had up to a 20% increase in SWE relative to the control, while the group retention
treatm ent resulted in no significant increase in SWE when measured at the treatment
scale. We attribute the difference in treatm ent effect to the way that the spatial
arrangem ent and the size o f the groups affected canopy interception, sublimation
and wind scour.
Canopy interception is the primary control on snow accumulation in forested
watersheds. Snow water equivalent is inversely related to canopy density (Gary and
Troendle, 1982; M oore and McCaughey, 1997). Consequently, thinning o f the forest
canopy results in greater snow accumulation (Golding and Swanson, 1978; Troendle
and King, 1985). The 20% (72 mm) increase in SWE in 2004 is similar to results
reported from W yoming where thinning o f a dense stand o f lodgepole pine resulted
in a 53 m m increase in SWE (Gary and Watkins, 1985). The results are also
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comparable to a 41 ha shelterwood eut in Colorado that removed 40% o f the basal
area and resulted in a 48 m m increase in SWE (Troendle and King, 1987).
The largest difference between the even thinning and the control was in
2004, which had a relatively large winter snowpack and the smallest difference was in
2005 w hen the snow accumulation was 73% o f the 2004 value. This is consistent
with other studies that have found that the greatest differences in SWE between
open and forested sites is in high snowfall years (Harestad and Bunnell, 1981). In this
respect the evenly thinned site behaves Hke an open site due to the reduced canopy.
In the group retention treatment, increased sublimation from the canopy due
to greater exposure to solar radiation and additional wind scour in the openings
offset gains resulting from decreased canopy interception in the openings. Evidence
for this comes from the fact that the retention groups had a lower mean SWE than
sites located inside the control, despite having similar canopy densities. In addition
the snow depth in the retention groups decreased from the north to the south side o f
the groups.
W ind scour may have further reduced the total snow accumulation inside the
groups. W ind effects can reach up to 240 m into the edge o f a forest whereas the
retention groups have a maximum radius o f 80 m (Chen et al., 1995). To reduce the
effect o f wind scour within the groups they would have to be much larger in size.
Redistribution o f snow by wind from the adjacent forest canopy can
supplem ent gains in SWE in adjacent clearings (Schmidt and Troendle, 1989). In the
group retention treatments at T C EF, there is evidence that snow blown out o f the
groups and into the openings was subject to further redistribution by wind. In 2004,
the m ean SWE in the openings was less than in the evenly thinned units, while in
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2005 the m ean SWE was slightly greater in the openings than in the evenly thinned
unit. This suggests that m ost o f the wind scour takes place in the late season in
T C E F and that the minimal canopy cover in the even thinning unit reduces the
effect o f wind scour. Further evidence for the effect o f wind scour comes from the
fact that bare spots were observed on the windward side o f snow crests and ripples
form ed by wind were observed in the openings between groups. These features were
n o t found in the control. The size and shape o f some o f the openings may have
increased wind scour in some areas; many o f the openings are corridor like and may
funnel wind at increased velocities.
The differences in accumulation between the groups and the openings in the
group retention treatm ent along w ith the increased wind scour and sublimation
losses inside the groups resulted in higher variability in SWE in the group retention
unit com pared to the thinned treatm ent and the control. In the evenly thinned unit
the reduced variability in canopy density resulted in less spatial variability in SWE
than in the control. Flowever, this study was conducted east o f the continental divide
in M ontana, where winds are often high. Areas with lower wind speeds may have
different results.
The difference in the am ount and distribution o f snow accumulation in the
two treatments suggests that they could have different effects on stream flows if
applied over an entire watershed. The group retention cut could produce a slower
and longer release o f snowmelt, resulting in lower peaks and possibly higher base
flow. In contrast, the evenly thinned unit could melt at a faster rate, resulting in
higher peak flows. More research needs to be done to quantify the effect of the
treatm ent on streamflows. In the northern Rockies at least 15% o f the total basal
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area needs to be rem oved from a fully forested watershed before there are detectable
differences in streamflow (Stednick, 1996). This may vary depending on species and
density composition. Since the treatments im plem ented at TC EF removed only 50%
o f the basal area on a stand basis, at least 30% o f the total forested area o f a
watershed would have to be treated to affect streamflow. The magnitude o f the
effect would likely vary depending on the position o f the treated areas relative to the
streams, as a proportion o f the additional ru n o ff may be taken up by the remaining
trees.

Effect of canopy cover on snowmelt
The forest canopy exerts a strong control over the energy available to melt
snow (Gary and Troendle, 1982). In this study, canopy cover was im portant in
controlling the maximum daily melt rates in the treatments. The SO treatment
included areas with a full canopy within the retention groups and areas with no
canopy cover in the surrounding openings. The daily maximum melt rates were up to
40% higher in the openings com pared to the control. These accelerated melt rates
may be due to the larger inputs o f solar radiation because o f a lack o f attenuation by
the forest cover or warm winds that are com m on to the forests east o f the
continental divide in central M ontana. In contrast, the maximum melt rates inside
the retention groups were n o t statistically different with the exception o f lysimeter
132. Lysimeter 132 is located within 5 meters o f the edge o f a group, so it may have
been exposed to radiation levels m ore comparable to the SG-O sites. A second
possible source o f additional radiation is from longwave radiation emitted from tree
warm ed by the sun due to the proximity to the edge of the group.
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T he results show that SG treatm ent increased the variability in the maximum
daily m elt rate com pared to an uncut control. From the limited data available, it
appears that the daily maximum melt rates in the evenly thinned unit were similar to
the maximum melt rates in the open in the SG treatment. This makes sense because
the percent open canopy at site 239 was 0.93, which is similar to the values measured
at the SG-O sites (Table 2).
Surprisingly, the presence o f canopy cover had little to no effect on the
tirning and duration o f snowmelt (Table 2). This may be due to the limitations
associated with measuring snowmelt using small lysimeters (Kattehnann, 2000). In
some cases, the lysimeter drains collected debris, creating a place for ice to form and
clog the drains. This clogging probably led to false recording o f the timing o f melt
particularly early in the melt season. In some cases, the rapid outflow o f melt water
following the unclogging o f the drain may have led to artificially high maximum daily
m elt rates.

Snowmelt modeling at Onion Park
Energy budget and hybrid models that include a radiation com ponent are
generally m ore accurate at predicting melt on a daily basis than temperature index
ÇCI) models. However, at the O nion Park site, the temperature index model
perform ed better than either the hybrid model or the energy balance model. The
location o f the O nion Park SN O T E L makes it well suited for modeling using a TI
m ethodology for two reasons. First, the O nion Park station lies in a small clearing,
where the majority o f the radiation warming the snow pack is direct solar radiation
rather than long wave radiation. Second, wind effects are rninimal inside the small
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clearing where the O nion Park SN O T E L station is located, so that turbulent
transfers o f energy to the snowpack are m uch reduced. Under these circumstances,
where solar radiation is the m ost im portant energy source, the air temperature is a
good measure o f the am ount o f energy available for melt and the TI approach works
well. T he m odel would n o t perform as well in a more cloudy or foggy environment,
and w ould have litde value for predicting m elt under a forest canopy due to the
dominance o f long wave radiation sources.
The fact that the hybrid and energy balance model perform ed similarly
suggests that the poor perform ance was due to limitations in the radiation data used
to calculate snowmelt. In both 2004 and 2005, the hybrid and energy balance models
consistently over-predicted melt towards the end o f the melt season. This suggests
that the radiation flux values used to calculate the melt rate were too high. Radiation
data for the models was obtained from sensors at a climate station located within the
SE treatm ent in a relatively open area with a slight north aspect. In contrast, the
O nion Park site Hes in a small flat clearing where trees cast a shadow across the snow
surface for m uch o f the day. The over-prediction o f melt in the latter half o f the melt
season could be because the climate station, located in an open area, received more
solar radiation on a daily basis than the O nion Park snow pillow. The implication is
that small variations in the radiation flux due to the presence o f shadows at the edges
o f stands and in clearings can significantly affect the ability o f energy based models
to predict snowm elt at a point. Since treated stands have unusually high num ber o f
“edges”, snowmelt modeling is even m ore difficult than in untreated stands with a
m ore continuous canopy.
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Use o f the hybrid m odel requires the selection o f an appropriate value for the
melt coefficient ( a which can be calculated from site specific temperature, relative
humidity and windspeed data on a daily basis, or the model can be calibrated to a
single value that falls within the range o f calculated values and represents the entire
melt period. Surprisingly, the daily calculated melt coefficient provided little
im provem ent over the seasonal value w hen used to predict daily melt. In fact in
2004, the seasonal melt coefficient provided a better model fit than the daily value.
Since the hybrid m odel with a seasonal coefficient o f melt perform ed as well or
better than either the hybrid m odel with a daily melt coefficient or the energy budget
model, it made sense to use the hybrid m odel with a seasonal melt coefficient when
modeling snowm elt at the lysimeters. This approach also m et one o f the primary
goals o f the research, which was to find a simple m odel to predict melt under varying
canopies using the least possible am ount o f site specific data.

Snowmelt modeling at the lysimeters
The hybrid m odel with the seasonal melt coefficient provided a reasonable fit
to the observed daily melt at lysimeter 148, which is located in an opening between
groups in the SG treatment. However the m odel consistently underpredicted melt at
lysimeter 80, also located in an opening, where daily peak melt rates were often 30 to
50% higher than at lysimeter 148. The m odel perform ed better at the beginning o f
the melt season and towards the end o f the snowmelt period. The underprediction of
melt at lysimeter 80 in the middle o f the season could be because the lysimeter was
receiving additional melt firom lateral flow, a problem com m on to many snowmelt
lysimeters (Kattehnann, 2000). Presumably, in the early part o f the melt season few
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ice layers were present in the snowpack, but as the melt season continued and many
cycles o f freeze and thaw took place more lateral paths formed, so increasing the
contribution area o f the lysimeter (Kattehnann, 2000). The problem disappeared later
in the season because enough o f the snowpack would have melted to eliminate the
lateral flow paths.
Adjusting the radiation com ponent o f the hybrid model to account for the
presence o f the forest canopy considerably im proved the model performance for
lysimeter 65, which hes in one o f the groups in the SG treatm ent and lysimeters 52
and 152 in the control. Forest canopies alter radiation by decreasing the shortwave
radiation flux and increasing the longwave radiation flux with increasing canopy
density. For low canopy densities solar radiation is at a maximum, while the
longwave radiation flux is at a minimum. The opposite is true for high canopy
densities. T he lowest net radiation under the canopy, and hence the least am ount of
energy available for melt, occurs at intermediate canopy densities (Dunne and
Leopold, 1979). A t lysimeters 65, 52, and 152 the unadjusted model overpredicted
melt because the radiation flux was too high. W ithin the range o f canopy densities
measured at these sites (60-70%) the net radiation under the canopy is lower than in
the open, and the adjusted m odel did a good job o f accounting for this effect on the
radiation budget.
A lthough the adjusted hybrid model im proved the fit between the observed
and predicted values at lysimeters 65, 52 and 152, the Nash-Sutcliffe coefficients
were still quite low. This could be due to several different factors. First, temporary
freezing o f the drain hole or blockage o f the drain hole by debris may have caused a
lag between occurrence o f melt and the time when it was recorded by the tipping
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bucket. Since the Nash-Sutcliffe coefficient is based on the fit between daily values,
this w ould sharply reduce the strength o f the correlation. Secondly, rainfall was
subtracted from the total melt rates on a daily basis, but the rainfall totals were not
adjusted for the effect o f canopy interception. Rain gages at each lysimeter site would
be needed to be able to correctly account for rainfall in the melt totals. Third, the
melt predictions were based on daily average temperatures rather than on daily
maximum temperatures so that melt rates on days with a high maximum temperature
may have been underpredicted by the model. Finally, the equation used to calculate
the net radiation under the canopy (equation 6) may not be a good predictor o f the
available energy in very dense lodgepole stands like those found at Tenderfoot. High
stem densities in these stands may lead to a higher longwave flux than equation 6
predicts, so that the m odel underpredicts melt. Measurements o f the radiation
budget under the canopy and in different densities would be required to determine
w hether this is the case.
In contrast with lysimeters 65, 52 and 152, the best model fit at lysimeter 132
was obtained using a zero value for the canopy density Lysimeter 132 is located
within 5 m o f the edge o f the group, and is positioned on a southwest aspect. This
location probably allows for additional energy input through the edge o f the group,
so increasing the melt rate. The fact that the model performed better towards the
end o f the melt season is consistent with this conclusion; as the season progressed
the sun m oved higher in the sky, so that the edge effect became less important. Once
again, this highlights the difficulties inherent in modeling snowmelt in spatially
complex stand structures with a lot o f edges. In addition to the problems caused by
shadows from adjacent trees in open areas, snowmelt rates for sites under the canopy
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but near the edge o f stands may be higher than predicted because o f the additional
radiation flux.

Conclusion
Alternative silvicultural treatments such as thinning have been proposed as a
means o f increasing water yield and reducing wildfire hazard in forested watersheds
in drought prone western N o rth America, while also restoring the ecological
structure and function o f some forested areas. The results o f this study demonstrate
that manipulating tree spacing can have substantially different effects on snow
accumulation and snowmelt depending on the spatial arrangement o f the treatments.
For central M ontana, if forest harvest is to be conducted with the intent of
increasing the water yield then the even thinning treatment may be the m ost
appropriate because o f the significant increase in snow accumulation. However, the
effect o f group selection harvesting may vary depending on the orientation and size
o f openings.
A lthough the lysimeter data provided somewhat conflicting results the
thinning treatm ents may affect the rate o f snowmelt. This could significantly change
the hydrographs o f the streams the watershed drains into. If a slow release with a
steep climbing limb and steady consistent recession Hmb were desired the
appropriate treatm ent would be the group retention unit. The open sites in the group
unit may yield larger amounts on a daily basis, but the retention groups would give a
slower consistent melt on a daily basis thus prolonging melt. Alternatively, the evenly
thinned unit could result in a faster flashier hydrograph due the sparse canopy and
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high accumulations. Further research on a watershed scale would be needed to
determine if this is the case.
Modeling the melt under various degrees o f forest canopy coverage is best
accomplished using a hybrid temperature index model with the radiation com ponent
adjusted for canopy. However, the ability o f such models to predict melt in thinned
stands is limited by high spatial variability in the radiation flux, due to shading in
clearings and additional radiation inputs near forest edges.
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